The constellation of major phenomena associated with schizophrenia (e.g., postpubertal onset, congenital hippocampal area damage, cortical functional deficits, limbic dopamine (DA) dysregulation, and vulnerability to stress) have been difficult to explain with a unitary animal model. Although it has been shown that rats develop increased mesolimbic DA transmission and reduced cortical DA turnover following adult excitotoxic lesions of the ventral hippocampus (VH), the implications of early developmental VH lesions are not known. To determine the developmental sequelae of such changes, we produced ibotenic acid lesions of the ventral hippocampal formation in rats on the 7th day after birth (PD7). Motor activity in a novel environment, after saline injection and after d-amphetamine administration were similar in control and lesioned rats at PD35. However, in early adulthood, at PD56, animals with the hippocampal lesion were hyperactive in each of these conditions. The emergence of the hyperactivity at PD56 could be prevented by pretr�atment with haloperidol. Moreover, rats lesioned as nlion.(tes, in contrast to a similar lesion induced in adult animals, were also hyperresponsive to stress evaluated with a swim test. This latter effect is analogous to that seen after adult lesions of the medial prefrontal cortex, rather than after adult lesions of VH, suggesting that the neonatal VH lesion may affect functional development of the medial prefrontal cortex. These results demonstrate that in rats with neonatally induced excitotoxic VH lesions, behavioral indices consistent with increased mesolimbic DA responsivity to stressful and to pharmacologic stimuli emerge only in early adulthood. Homologous mechanisms may underlie certain aspects of the pathophysiology of schizophrenia. fNeuropsychopharmacology 9:67-75, 1993J
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On the whole, efforts to model in animals diverse phenomenologic aspects of schizophrenia have met with very limited success. Although early neurobiologic models emphasized primary perturbations in striatolim bic dopamine (DA) activity to account for the therapeu tic effects of antidopaminergic drugs (Borison et al. 1977; Kornetsky and Markowitz 1978; Kokkinidis and Anis man 1980; McKinney and Moran 1981) , they did not represent potentially explanatory mechanisms for ei ther the cortical deftcits (Buchsbaum et al. 1982; Wein berger et al. 1986; Goldberg et al. 1991; Berman and 0893-133X/93/$0.00 or the postpubertal onset that also characterize this illness. The subsequent discovery that the prefrontal cortex could regulate subcortical DA ac tivity (Pycock et a1. 1980; Deutch et a1. 1990; LeMoal and Simon 1991) offered a link between posited stri atolimbic DA dysregulation and data implicating the prefrontal cortex in schizophrenia. Models based on pri mary prefrontal lesions were at variance, however, with observations that structural pathology in schizophre nia is most reliably observed in the hippocampal region and not in the prefrontal cortex (Bogerts et a1. 1985; Jakob and Beckmann 1986 ; for review, see Hyde et a1. 1991) . But the hippocampal formation also participates in the regulation of the mesolimbic DA system (Kelley and Domesick 1982; Yang and Mogenson 1985; Groenewegen et a1. 1987; Csernansky et a1. 1988; Se sack and Pickel 1990) . Indeed, we recently reported (Lipska et a1. 1992 ) that an excitotoxic lesion of ventral hippocampal (VH) formation in the adult rat enhanced spontaneous exploration and amphetamine induced locomotion, while inducing opposite changes in puta tive DA release/transmission in cortical (medial prefron tal cortex [MPFC] ) and limbic (nucleus accumbens [NAC] ) fields innervated by the hippocampal forma tion (Goldman-Rakic et a1. 1984; Ferino et a1. 1987; Jay and Witter 1991) .
All these animal models have a common shortcom ing in that they depend on perturbations of the adult brain. Most data suggest that the anatomic changes, and particularly the temporal limbic abnormalities evi dent in schizophrenia, represent early developmental injury that remains clinically quiescent until adulthood (Weinberger et a1. 1986; Weinberger 1987; Crow 1990; Fish et al. 1992; Stevens 1992) . Although effects of brain injury are known to depend both on the developmen tal stage at which the injury occurs and on the postin jury interval, there are few paradigms in which an early, nonepileptiform lesion remains relatively "silent" un til a later stage of development. Indeed, the opposite is generally the case. The immature brain demonstrates a high degree of functional compensation or sparing of behavioral function after early injury (Erinoff and Snodgrass 1986; Kolb and Whishaw 1989; Kolb and Gibb 1991) and, the degree of functional sparing gener ally increases with the postinjury interval (Kennard 1936 ). Such observations mitigate against the neuro developmental hypothesis of schizophrenia, where an opposite process has been adduced (i.e., early success ful sparing paradoxically fails by adulthood).
Because the profile of changes following excitotoxic lesion of the adult rat VH appeared to provide the best fit adult animal model available, reproducing hip pocampal formation damage, changes consistent with increased mesolimbic DA activity, and reduced corti cal DA activity (Weinberger et al. 1988; Pickar et al. 1990; Davis et al. 1991) , we evaluated the developmental NEUROPSYCHOPHARMACOLOGY 1993-VOL. 9, NO.1 specificity of these lesion-induced changes. In partic u lar, we posited that the effects of early hippocampal le sions on limbic DA systems would not be attenuated by maturation (i.e., the expected "Kennard principle" would fail [Kennard 1936 ]) but would instead emerge with maturation (the putative "schizophrenia prin ciple").
MATERIALS AND METHODS

Surgery
Pregnant Sprague-Dawley rats obtained at 14 days gestation (Zivic Miller Labs) were housed individually in breeding cages with a 12-hour light/dark cycle and fed ad libitum. Litters of four to eight male pups were formed. On the 7th day of age (PD7) and at a weight of 15 to 18 g, pups within each litter were randomized to Sham or Lesion status and anesthetized by hypother mia (placed on wet ice for 10 to 20 minutes). After im mobilizing a rat by taping it to a platform fixed to a stereotaxic Kopf instrument, an incision was made in the skin overlying the skull and 0.3 III of ibotenic acid (Sigma, 10 Ilg/1l1) or artificial cerebrospinal fluid was infused bilaterally using an infusion pump through a Hamilton needle into the ventral hippocampal forma tion at a rate of 0.15 Ill/min (AP -3.0 mm, ML ± 3.5 mm, VD -5.0 mm relative to bregma). The needle was withdrawn 4 minutes after completion of the infusio n; the pups were placed under a warming lamp and then returned to their mothers. On PD25 animals were weaned, separated by lesion status, and grouped two to three to a cage. A total of four cohorts (n = 20 to 28/cohort) of neonatally lesioned rats were utilized in the following experiments. In addition, a cohort of animals lesioned as adults (on PD42) was prepared as previously described (Lipska et a1. 1992 ) for selected comparisons with neonatally lesioned rats.
Behavioral Testing
The motor activity of two different cohorts of rats (n = 9 and 14 Sham, n = 11 and 14 Lesion within each cc hort) was assessed at both 4 (PD35) and 7 weeks (PD56) postoperatively in three testing conditions: after ex posure to a novel environment, after saline, and after amphetamine injection. Unacclimatized rats were moved to the monitor area at 9:00 AM and immediately placed in photocell activity monitors (model RXYZCM; Omnitech) for a 60-minute habituation period. After sa line injection (1 mI/kg, IP), each animal was returned to the photocell monitor for an additional 60 minutes.
At that point, d-amphetamine (sulfate 1.5 mg/kg, IP) (Sigma) was administered and activity was recorded for a final 90 minutes.
One of these cohorts was additionally exposed to a swim test 2 weeks after the last testing (on PD70) to further explore the effects of stress in neonatally le sioned rats. Rats were randomly assigned to four groups Another neonatally lesioned test-naive cohort (n = 10 Sham, n = 17 Lesion) was tested only once at PD56
to control for the possibility that preexposure to am phetamine could affect the response on PD56.
Another group of rats lesioned at PD7 was treated for 3 weeks (from PD35 until PD56) with either vehicle 
RESULTS
VerifIcation of the Neonatal Lesion
Nissl-stained sections through the brains of lesioned rats showed sparing of the most anterior (dorsal) aspects of the hippocampal formation with neuronal loss, at rophy, and some cavitation in the VH (Fig. 1) . The den tate gyrus and subiculum were also affected in more posterior (ventral) parts of the hippocampal formation (Fig. 2) . In most brains, high-power microscopic inves tigation of the adjacent regions did not reveal any ab normal glial reaction, loss of neurons, or other obvious pathologic changes outside the primary lesion site.
However, in a minority of cases (approximately 25%), a small rim of gliosis with minimal neuronal loss could be detected in the thalamic region adjacent to the hip pocampus (primarily in the lateral geniculate nucleus).
Separate analysis of the behavioral results obtained from these animals did not show any signihcant differ ences from those without discernible extrahippocam pal injuries. Therefore, these rats were not excluded from the study. In a few cases (5 of approximately 100 rats), histologic examination revealed more extensive damage outside the intended lesion site (neuronal loss and/or cavitation in the septum, cortex, or the thala mus). The results from these animals were excluded.
Behavioral Experi ments
Exploration, Saline Injection, d-Amphetamine-Induced
Hyperactivity. Analysis of vertical activity showed that during all three testing conditions (exploration in a novel environment, saline injection, and d-amphet- amine administration), sham and lesioned animals were similar at PD35. At PD56, the lesioned animals were more active than controls during the exploration period and after amphetamine, (Fig. 3A) . Analysis of variance revealed significant status (F = 4.85, P = 0.03), age (F = 99.26, P < .001), and treatment (F = 139.9, P < .001) effects. There were signifIcant status x treatment (F = 4.60, P = .01) and age x treatment interactions (F = 90.9, P = .001). Both status x age (F = 3.62, P = .06) and status x age x treatment (F = 2.65, P = .07) inter actions approached signifIcance.
Similarly, total distance traveled by sham and le sioned animals did not differ at PD35; although at PD56 lesioned rats were more active than sham operates at all three testing intervals (Fig. 3B) . Analysis of variance showed signifIcant status (F = 9.71, P = .004), age (F = 43.44, P = .001) and treatment (F = 232.8, P < .001) Swim Test. Moreover, neonatally lesioned animal s showed increased activity after exposure to a swim stress at PD70 (Fig. 4) . Analysis of variance revealed signifIcant status (F = 5.55, P = .03) and stress effects (F = 70.65, P = .001), and a trend for a status x stress interaction (F = 3.65, P = .07). Although both sham and lesioned groups were more active in photocell mon itors after swimming than after a control exposure (No Stress), the lesioned rats expressed increased locomo tor activity after swim stress in comparison with
Sham/Swim group (p < .05). Such a stress effect was not seen in a cohort of rats lesioned as young adults
(PD42) and also tested at PD70. In this case, ANOVA revealed a signifIcant stress effect (F = 11.62, P = .002) but no status effect (F = .01, P = .9) or status x stress interaction (F = .07, P = .79).
Haloperidol Treatment. Treatment with haloperidol blocked the emergence of hyperactivity in a novel en vironment at PD56 in neonatally lesioned animals ( Fig.   5 ). Analysis of variance revealed signifIcant lesion (F = 7.05, P = .01) and drug (F = 5.4, P = .03) effects but no lesion x drug interaction (F = 1.1, P = .3). As be fore, the locomotor activity of LesionlVeh group was signifIcantly higher than that of ShamlVeh (p < .05).
However, the lesioned rats treated with haloperidol were signifIcantly less active than lesioned, vehicle treated rats (p < .05).
DISCUSSION
The results show that the effects of neonatal excitotoxic lesion of the VH in the rat are profoundly dependent upon the age of the animal. In particular, the effects of this lesion on regulation of behaviors most likely linked to mesolimbic DA activity emerge only after the animal has reached early adult life. Unlike similar le sions of VH produced during adulthood (Lipska et aI. • Lesion signifIcantly different from Sham after exposure to a swim stress (p < .05).
lesioned, animals responded to amphetamine adminis tration with increased locomotor activity. Therefore, the failure of the neonatal lesion to differentially affect ac tivity 4 weeks postoperatively, at PD35, cannot easily be attributed to immaturity of mechanisms mediating amphetamine-induced locomotion or to previously de scribed developmental changes in the sensitivity of in trinsic hippocampal neurons to amphetamine (Jahromi 1991 ).
The absence of detectable lesion effects at PD35 con trasts with the increased locomotion in response to nov elty, saline, or to amphetamine at PD56. Both novelty and amphetamine-induced locomotion have been linked to mesolimbic DA transmission (Pijenburg et al. 1975; Sharp et al. 1987 ). Saline injections also are known to increase accumbens DA turnover/release (Brose et al. 1987) . Novelty, saline, and amphetamine may also have stresslike properties (Piazza et al. 1989; Piazza et al. 1991) , which further implicate the limbic DA sys tem. The fact that the emergence of hyperactivity can be blocked with an antidopaminergic drug (haloperidol)
is also consistent with involvement of DA systems (Costall and Naylor 1976; Rupniak et al. 1985) . The delayed locomotor changes cannot be attributed merely to differential stress or amphetamine-induced sensiti zation related to prior exposure, because similar changes were evident in neonatally lesioned rats that were exposed to amphetamine at PD56 only. Accord ingly, the major finding of this study is that an excito toxic lesion of the neonatal VH leads to the delayed emergence of behavioral changes suggestive of in- (Freed 1989; Grace 1991) . The hippocampal formation also sends excitatory projections to the prelimbic regions of the MPFC (Jay and Witter 1991), which in turn can affect both neurochemical and be havioral indices of striatal/limbic dopaminergic trans mission (Jaskiw and Weinberger 1992a; Jaskiw et al. 1990a ). Hippocampal lesions induced in adult rats are followed by changes consistent with a reduction of DA turnover in the MPFC (Lipska et al. 1992) . In other paradigms, primary reductions in MPFC DA activity have been associated with enhanced limbic DA tra ns mission (Pycock and Kerwin 1980; ).
The absence of prepubertal motor changes af ter neonatal lesions could be mediated by changes in the pattern of neural projections (sprouting or rerouting) leading to sparing and functional recovery by PD35, but the ostensible failure of these mechanisms after pube rty is puzzling. Alternatively, because the developmental stage at which hippocampal modulation of mesolim bic DA systems becomes behaviorally significant is not known, no true sparing may have occurred, as the con trib ution of the VH to mesolimbic DA-mediated be haviors might not have been functionally signi&cant.
Indeed, the possibility that the influence of the VH on DA systems does not become important until later in life would be a parsimonious explanation for the delayed effects we observed after the VH lesion. It is noteworthy in this regard that PD35 rats were prepuber tal while PD56 rats were postpubertal (Baker 1979) Another possible explanation for our &ndings, that of delayed secondary neurodegenerative changes, can not be excluded. This possibility has been proposed to explain results of other studies that found changes in the expression of a neonatal lesion over time (Pearson et al. 1980; Saji and Reis 1987) . However, there is a very important difference between our study and these ear lier reports. Although these investigators described be havioral effects that change over time, the effects &rst appear early in life soon after the lesion. In contrast, in our study the changes &rst appear after a prolonged period of apparent normal behavior. By whatever mech anism, our model involves a developmental lesion and a prolonged period between the occurrence of the le sion and the emergence of its relevant behavioral effects.
It is also interesting to note that the behavioral changes after the neonatal lesion differed qualitatively in at least two respects from those we had previously observed after the analogous lesion in young adults.
The latter is not associated with increased activity after saline injection (Lipska et al. 1992) or after a swim test, suggesting that the neonatal lesion induces a broader spectrum of hyperresponsivity to environmental stim uli, esp ecially to stress. This &nding raises the possi bility that neonatal lesion of the VH affects the devel opment of other neural systems implicated in the mesolimbic response to stress, such as the MPFC.
Prefrontal function is particularly important in organiz ing re sponses to aversive stimuli and in regulating mesolimbic DA activity during stress (Jaskiw and Wein berger 1992a; Jaskiw and Weinberger 1990; Jaskiw et al. 1990b; . In this regard, rats with neonatal lesions of the VH are similar to animals with MPFC lesions induced during adulthood, in that the latter also demonstrate enhanced locomotion after saline injection (Jaskiw et al. 1990a) or swim stress Oaskiw and Weinberger 1992a). In contrast to lesions of the VH in adult animals that do not affect stress related mesolimbic DA activity, the early loss of hippocampal-prefrontal cortex connectivity could even tually have more profound consequences if such conNeonatal VH Lesions 73 nectivity is critical to the maturation of the MPFC and to its influence on mesolimbic DA systems. Consistent with this possibility is evidence that the synaptic orga nization of PFC is immature prepubertally and con tinues to develop into adulthood (Kalsbeek et al. 1988 ).
It should be noted that we have not conclusively demonstrated the involvement of mesolimbic DA neu ral function. The influence of other brain systems on locomotor behavior can be demonstrated under certain conditions. However, overwhelming expe rimental evi dence (Pijenburg et al. 1975; Brose et al. 1987; Sharp et al. 1987; Piazza 1991) indicates that hyperlocomotion under the constellation of test conditions in our study (novelty, stress, and amphetamine administration) is highly suggestive of increased mesolimbic DA activity.
We are not familiar with any data that have shown a primary role of other systems in the mediation of loco motion during this constellation of conditions. It is im portant to note that hyperlocomotion during these con ditions does not necessarily mean that there are increased concentrations of DA and metabolites. Other This model may provide an explanation for several aspects of schizophrenia that were not accounted for by earlier animal models; however, there are obvious limitations to this and any rat model of schizophrenia.
The neuropathologic changes in the hippocampal for mation after our lesion are more extensive than those reported in schizophrenia (for review, see Hyde et al. 1991) . Moreover, we do not address neuropathologic abnormalities that have been reported outside the tem poral lobe. Although we do not argue that only lesions of the VH produce this pattern of changes, and that only hippocampal abnormalities exist in schizophrenia, we do point out that developmental pathology of the VH can do this. Moreover, we do not address with this model the important evidence of a genetic liability to schizophrenia (for review, see Tsuang and Simpson 1988) , and we have not as yet explored the effects of the lesion on cognition and cognitive development. Fur thermore, the fundamental diff erences between rat and human brain probably represent an absolute limitation of the explanatory value of any rat model of a human illness involving perception, emotion, and cognition.
In spite of these caveats, the model may be useful in exploring a variety of pathophysiologic mechanisms as well as new drug therapies.
In summary, in rats with neonatal ibotenic acid le-sions of the VH, augmented activity in response to nov elty, saline injection, and amphetamine administration develops only after puberty. Neonatal but not adult induced VH lesions also produce an exaggerated re sponse to stressful stimuli. These data are consistent with the interpretation that an early hippocampal le sion can remain silent with respect to certain behavioral parameters until early adulthood when its newly emer gent consequences include increased responsivity to en vironmental and pharmacologic stimuli. Homologous mechanisms could be involved in schizophrenia, in which developmental temporal-limbic pathology is posited to remain relatively quiescent until onset of an illness in early adulthood that is characterized by stress induced exacerbations, supersensitivity to amphet amine, and improvement with dopaminolytic drugs (for review, Jaskiw and Weinberger 1992b) .
